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Monday, February 17, 2014 259ain caldesmon and certain myosins. This novel structural motif contains a high
proportion of charged E, R and K residues, which appear as alternating patches
of like-charged residues throughout the sequence. The resulting salt bridge in-
teractions between E and R/K sidechains are thought to stabilise and stiffen the
straight helical structure, allowing the SAH to act as a spacer between two
flanking functional domains. Here we use single molecule force spectroscopy
and molecular simulation to investigate the mechanical unfolding behaviour
of the ~100 residue SAH domain from myosin 10. Both methods indicate a
globally non-cooperative unfolding process, with unfolding occurring below
~50 pN. Simulations suggest that the SAH domain does differ from a non-
charged helix, not only in the stability of the helix but also in the unfolding
characteristics under application of force. Enhanced local bonding interactions
in SAH domains increases their resilience to force above the baseline level set
by a non-charged helix.
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Urea is a strong protein denaturant, yet, the mechanism of action of urea on
the protein unfolding process is still largely unknown. To tackle this prob-
lem, we determined the partial molar volumes, Vo, and adiabatic compress-
ibilities, KoS, of a set of model proteins to examine their interactions with
urea. Specifically, we measured the partial molar volume and adiabatic
compressibility of ribonuclease A, a-chymotrypsinogen A, lysozyme, and
apocytochrome c in aqueous solutions of urea at concentrations between
0 and 8M. At pH 2 and pH3, ribonuclease A and a-chymotrypsinogen A,
respectively, exhibit a two-state transition of unfolding over the range of
urea concentrations studied. Even in 8M urea, lysozyme retains its native
conformation and apocytochrome c remains unfolded at pH 7. The fact
that lysozyme and apocytochrome c do not undergo any conformational
transitions in the presence of urea provides an opportunity to study the inter-
actions of urea with proteins in the native and unfolded states within the
entire range of experimentally accessible urea concentrations. We analyze
our resulting volumetric data within the framework of a statistical thermody-
namic model in which each instance of urea interaction with a protein is
viewed as a binding reaction that is accompanied by release of two water
molecules. From this analysis, we calculate the association constants, k, as
well as changes in volume, DVO, and adiabatic compressibility, DKSO,
accompanying each urea-protein association event in an ideal solution. By
comparing these parameters with similar characteristics determined for
low-molecular weight analogues of proteins, we quantify the extent of coop-
erative effects involved in interactions of urea with any of the proteins stud-
ied in this work.
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Hydrostatic pressure is an important environmental variable that plays an
essential role in biological adaptation. Increasing pressure, much like
increasing temperature, perturbs the thermodynamic equilibrium between
folded state and unfolded state. In thermodynamic terms stability is defined
by Gibbs energy, G, that is function of both temperature and pressure and is
related to the population of native, N, and unfolded, U, states aswhere Keq is
equilibrium constant. The pressure dependence of G is defined by the volume
changes between the unfolded and native states. What is the origin of the
changes in volume of a protein upon unfolding? The presence of internal cav-
ities and voids in the interior of the native proteins makes the volume of the
native protein larger that the volume of the unfolded state. However, the hydra-
tion of internal protein groups that become exposed to the solvent upon unfold-
ing should also contribute to the changes in volume. Based on model compound
data, the hydration in expected to contribute negatively to the changes in the V
specific volume of a protein upon unfolding. As a result it appears that the un-
folding of proteins should be accompanied by a large decrease in their volumes.
However, in most cases, only small decreases, or even small increases, in the
partial specific volume of proteins upon unfolding are observed. To reconcile
these observations, we have analyzed volume changes due to the internal cav-
ities and volume using structural ensembles of proteins generated using various
computational models including an all-atom explicit solvent molecular dy-
namics simulations. We show that previous calculations significantly over-
estimated the volume changes due to the cavities and voids.
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Proteins exist in an ensemble of conformations at equilibrium, and while
higher energy (‘‘excited’’) states may play important functional roles, under
normal conditions they are too sparsely populated to detect. The application
of high hydrostatic pressure may be used to populate excited states, but
characterization of the high-pressure conformational ensemble is compli-
cated by the presence of multiple conformations exchanging on the ms-
ms time scale. The method of site-directed spin labeling (SDSL) in
combination with electron paramagnetic resonance (EPR) is ideally suited
to explore such excited states. The intrinsic timescale of EPR (ns) is fast
compared to that of conformational exchange, so the EPR spectrum cap-
tures a snapshot of conformational equilibrium frozen in time and can
reveal the existence of multiple conformational substates. For each
resolved substate, the spectral lineshape encodes information on the local
backbone dynamics and tertiary fold. In the present work, a set of spin-
labeled mutants of both holo- and apomyoglobin were studied in the pres-
sure range 0 - 2 kbar. Many EPR spectra in the well-ordered holomyoglobin
native state are essentially pressure independent, demonstrating that the in-
ternal motion of the spin label side chain is pressure insensitive. Thus,
pressure-dependent spectral changes observed in more flexible systems
can be directly interpreted in terms of protein compressibility rather than
side chain effects. Pressurization of apomyoglobin up to 2 kbar populates
a low-lying excited state that has been designated a ‘‘high-pressure molten
globule,’’ although the work presented here shows it to be distinct from the
conventional low pH molten globule that is an intermediate along the
folding pathway. Interestingly, the EPR spectra of apomyoglobin at 2
kbar suggest the existence of a conformation with native-like dynamics
within the ensemble of conformations that comprise the high-pressure
molten globule.
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In the present work, examples of protein and peptide complexes conformational
dynamics, from the solvent state distribution to the gas-phase ‘‘de-solvated’’
state distribution, are characterized for traditionally considered ‘‘unstructured’’
complexes. Conformational motifs and isomerization/conformational dynamics
are identified and isomerization kinetics in the ms to few seconds timescale are
measured for single molecules using a
trapped ion mobility spectrometer - mass
spectrometer (TIMS-MS). Theoretical cal-
culations are used to simulate the ex-
perimental ‘‘TIMS box’’ single molecule
-neutral bath gas phase dynamics and
candidate structures are proposed for each
conformational state. It is found that, side
chain and backbone structural changes are
the main motifs governing the conforma-
tional inter-conversion processes in the
ms-s time scale. Examples will be shown
for the case of folded/unfolded protein com-
plexes and DNA-binding proteins.1317-Pos Board B47
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Proteins can exhibit strikingly different free energy landscapes depending
on which thermodynamic variable is manipulated to study folding. We
have investigated the relationship between temperature- and pressure-
induced denaturation of yeast phosphoglycerate kinase (PGK). Thermody-
namically, the pressure-temperature phase diagram of PGK seems standard:
with a slight deviation from two-state behavior at low temperatures, a pre-
dicted elliptical shape of stability emerges. Kinetically, the behavior is
much more complex: although a temperature perturbation of the energy
260a Monday, February 17, 2014landscape of PGK reveals a multitude of barriers, pressure-jump ex-
periments spanning timescales from microsecond to hours showed only
one predominant several-minute-long kinetic phase. These observations
may indicate that under pressure, the smaller kinetic barriers of PGK
are smoothed out by the large positive activation volume of the transition
state.1318-Pos Board B48
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Recent advances in the computational description of proteins facilitate the
atomic-level characterization of fast folding proteins using molecular-
dynamics simulations[1]. However, due to the femtosecond timestep of an
MD simulation, 10 ^ 10 computationally expensive energy evaluations are
required to reach timescales of the order of single folding events even for
ultrafast-folding proteins. Stochastic simulation techniques can overcome this
limiting factor by generating thermodynamic conformational ensembles
without incorporating atomic vibrations, but most of these methods are inher-
ently sequential. Here we investigate a parallel extension to the conventional
Metropolis-Hastings algorithm, the Multiple-Try-Metropolis, enabling parallel
simulation of reversible Markov-chains[2,3]. We successfully characterize the
thermodynamic landscape of the Villin-headpiece-subdomain using a general-
ized MTM approach adapted to protein systems. We parameterized the poly-
peptide using the AMBER99SB-STAR-ILDN-forcefield with an implicit
solvent model. In our simulations we could observe approximately two folding
transitions per day on standard hardware, with a total of 109 transition events
during 3*10^9 energy evaluations. The MTM approach thus facilitates the effi-
cient thermodynamic characterization of
proteins on common computer architec-
tures. The comparison with experimental
resolved folding times of 8ms translates to
a time equivalent of 16ps per MTM step.
[1] Shaw, Science-2010.
[2] Liu, JASA-2000.
[3] Pandolfi, JMLR-2010.1319-Pos Board B49
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The study of protein folding has been a difficult challenge in molecular biology
and simulation science.
Recent publications showed the reproducible folding of small protein using
molecular dynamics simulations. This large conformational changes can be
only achieved by using specialized supercomputers [1]. In contrast to
molecular dynamics simulations, Monte Carlo based simulations are not
constrained solving Newton’s equation of motion and therefore may be
used conventional computer architectures to sample the protein folding
process. Here we show fast reproducible all-atom folding transitions of
the villin headpiece (Figure 1) simulated using SIMONA[2], a Monte
Carlo based simulation package for nanoscale simulations including a
variant of the Amber99SB*-ILDN[3]. The results demonstrate the applica-
bility of Monte Carlo simulation techniques to the investigation of large-
scale conformational changes of proteins on conventional computer archi-
tectures. The computing time for observing folding/refolding events can be
significantly reduced in comparison with molecular dynamics simulations.
The thermodynamic characterization of
simulated proteins can be compared
with the experimental results.
[1] Shaw, D. E. et al. Science 330, 341-346
(2010).
[2] Wolf, M., Strunk, T. et al. J Comput
Chem (2012).
[3] Lindorff-Larsen et al. Science 334, 517-
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In response to mechanical stress, membrane proteins progress through
sequences of major unfolding barriers, whereas soluble proteins usually
must overcome only one major unfolding barrier. To gain insight into these
markedly different unfolding behaviors, we applied
force-probe molecular dynamics simulations and
unfolded two b-barrel proteins, the transmembrane
outer membrane protein G (OmpG) and the water-
soluble green fluorescent protein (GFP). The simula-
tions mimic with high precision the unfolding exper-
iments and show that OmpG in the absence of a
membrane and GFP circumvent high unfolding bar-
riers by rotations and explore alternative unfolding
pathways. Embedding OmpG in the lipid membrane
restricts this search for pathways and forces the pro-
tein to cross high unfolding barriers. Likewise, re-
stricting the rotation forces GFP to traverse high
unfolding barriers in a similar manner to membrane-
embedded OmpG. These results indicate that mechan-
ically stressed proteins search alternative unfolding
pathways by rotations and explain why membrane
proteins generally show higher mechanical stability
compared to water-soluble proteins.
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Understanding how a linear strand of amino acids folds into an active protein
in the cell is still one of the challenges in biochemistry. Moreover, as quite a
distinct amount of misfolded proteins are responsible for diseases, e. g. Alz-
heimer’s. Thus, understanding the folding pathway, hence describing the en-
ergy landscape, of a protein is of critical importance. Here, we used the
model enzyme lysozyme from the phage T4 (T4L), a simple two domain pro-
tein, which already exists in an equilibrium of at least three conformations in
the folded state, a situation expected from most other proteins as well.
Thus, we created a set of double mutants of the cysteine-free pseudo-wild
type by inserting an unnatural amino acid and a cysteine mutation, which
builds up a network of distances spanning the enzyme. Later, we site-
specifically labeled them using orthogonal chemistry with a Fo¨rster
resonance energy transfer (FRET) dye pair. The unfolding process was moni-
tored on the one hand using traditional ensemble methods like CD- spectros-
copy and on the other hand with our fluorescence spectroscopic methods
(ensemble steady-state fluorescence, ensemble time correlated single photon
counting, single molecule fluorescence spectroscopy, filtered fluorescence
correlation spectroscopy). Single molecule high precision FRET, with its
high temporal and spatial resolution covering seven time decades, enables
us to determine transition rates between conformational states in equilibrium
and in denatured conditions. The combination of our fluorescence spectro-
scopic tool provides enough information to describe the energy landscape
of the unfolding process of T4L and its paths to the unfolded conformations.
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The kinetics of contact formation between the two ends of a polypeptide has
been the focus of extended interest in the recent and less recent past. One of
the reasons is that contact formation is the elementary event underlying pro-
cesses such as folding and binding. More importantly, it is experimentally
measurable with increasing time and space resolution; it can be predicted
theoretically for ideal polymers. Deviations from single exponential kinetics
has been sometimes interpreted as a signature of a rugged, protein-like, free
energy landscape. Here we present simulations of short peptides with
different structural propensity and of a structured protein with different
atomistic models. Results show a remarkable deviation from exponentiality
